Introduction
============

Acute limb ischemia (ALI) presents as sudden lower limb ischemia that can result in amputation, regardless of the underlying cause,^[@R1])^ unless appropriate treatment is administered. It has poor prognosis not only for the limb but also for survival. In general, ALI progresses into advanced limb ischemia within 2 weeks from its acute onset, and it has a reported mortality rate of 15%--20% due to concurrent illness such as cardiovascular or cerebrovascular disease and ischemia--reperfusion injury.^[@R1],[@R2])^ Thus, ALI requires localized treatment as well as strict systemic management.

Etiology
========

The reported incidence of ALI is 1--1.5 individuals per 10,000 individuals per year.^[@R2],[@R3])^ The causes of ALI, excluding trauma, are broadly divided into embolism and thrombosis. According to a recent report from England, the incidence rates of embolism, thrombosis due to an occlusive atherosclerotic lesion, complex factors, and stent or graft-related thrombosis are 46%, 24%, 20%, and 10%, respectively.^[@R2])^ In the 2012 annual report of the Japanese Society for Vascular Surgery based on enrolments in the National Clinical Database, the number of patients with embolism and thrombosis accounted for approximately half of the total patients enrolled in the database. Most cases of embolism are cardiogenic embolism, among which atrial fibrillation accounts for the majority. Other causes include valvular diseases, including post-valve replacement, left ventricular wall thrombosis following myocardial infarction, cardiac/aortic tumor, and paradoxical embolism. When surgical treatment is performed for embolism of unknown etiology without arrhythmia, a pathological specimen should be submitted for analysis to differentiate malignant tumors. Generally, the most common site of embolism is the femoral artery.^[@R4])^ Vascular embolism can be caused by atheroma of the aortic wall, such as in shaggy aorta and penetrating atherosclerotic ulcer, as well as aneurysm associated with mural thrombus, and iatrogenic embolism can arise from catheter manipulations. ALI due to peripheral embolism caused by popliteal artery aneurysm and thrombotic occlusion of an actual aneurysm are not rare and require another caution. Thrombosis occurs when chronic stenotic lesions in occlusive atherosclerosis cause acute obstruction resulting from plaque breakdown, circulatory failure, or a hypercoagulable state. This also includes thrombotic occlusion of stents and bypass grafts. The embolus can be trapped at stenotic lesions of arteriosclerosis obliterans, and it is often difficult to clearly distinguish embolism from thrombosis. Furthermore, in aortic dissection, compression of the true lumen by the false lumen can cause lower limb ischemia.

Symptoms and Severity Classification
====================================

Characteristic physical findings of ALI include the 5Ps---acute onset of progressive pain in the affected limb (pain), pulselessness, pallor, paresthesia, and paralysis. After assessing blood flow in the dorsalis pedis and posterior tibial arteries with a Doppler instrument, blood pressure in the ankle is measured. ALI can be diagnosed when at least one of the 5P symptoms is present and the ankle blood pressure is ≤50 mmHg. When the ankle blood pressure is ≥50 mmHg, in many instances, it is not ALI but severity classification I to be described later. Resistance to ischemia differs depending on the tissue. In complete arterial obstruction, irreversible changes occur to the nerves in 4--6 h, to the muscles in 6--8 h, and to the skin in 8--12 h. The severity of ALI is generally classified using the TASC II and Rutherford classifications,^[@R1],[@R5])^ in which four groups are classified according to the presence or absence of sensory disturbance, muscle weakness, and Doppler auscultation ([**Table 1**](#table1){ref-type="table"}).^[@R6])^ Foot drop (drop foot) is a highly urgent finding that causes peroneal nerve paralysis and is often the first symptom of motor paralysis. It should be duly assessed because it can be easily overlooked in medical examinations performed with the patient in the dorsal position and if the patient is frail. Unlike chronic limb ischemia, embolism that develops without collateral circulation presents with sudden and severe symptoms. On the contrary, thrombosis arises from an underlying chronic occlusive lesion, often progressing relatively gradually because of the development of collateral circulation, which gives some time allowance to treatment. However, several cases become serious, not only those presenting thrombotic occlusion with collateral circulation and those with underlying thrombophilic conditions ([**Fig. 1**](#figure1){ref-type="fig"}).

###### Table 1 Stages of acute limb ischemia

  Classification       Description/prognosis                                    Findings                                    Doppler signals                                     
  -------------------- -------------------------------------------------------- ------------------------------------------- ----------------------------- --------------------- -----------
  I. Viable            Not immediately threatened                               None                                        None                          Audible               Audible
  II\. Threatened                                                                                                                                                               
  a\. Marginally       Salvageable if promptly treated                          Minimal (toes) or none                      None                          (Often) inaudible     Audible
  b\. Immediately      Salvageable with immediate revascularization             More than toes, associated with rest pain   Mild, moderate                (Usually) inaudible   Audible
  III\. Irreversible   Major tissue loss or permanent nerve damage inevitable   Profound, anesthetic                        Profound, paralysis (rigor)   Inaudible             Inaudible

Reproduced and partially modified from Reference [@R6] by permission of Japanese College of Angiology.

Reprinted from J Vasc Surg., 45 Suppl S, Norgren L, Hiatt WR, Dormandy JA, et al., Inter-society consensus for the management of peripheral arterial disease (TASC II), S5-67, Copyright (2007), with permission from the Society for Vascular Surgery®.

![Fig. 1 Acute limb ischemia associated with antiphospholipid syndrome occurred in a 73-year-old male. Three-dimensional reconstruction of a computed tomographic angiogram shows total occlusion of the entire femoropopliteal artery and below the knee arteries.](avd-11-4-ra.18-00074-figure01){#figure1}

Diagnosis
=========

ALI is diagnosed on the basis of medical history, visual examination, palpation, and Doppler examination of the peripheral arterial pulse using vascular ultrasonography and contrast-enhanced computed tomography (CT) as imaging tests. To determine the range of the occluded site, for the close examination of the underlying disease and source of the embolus, and to distinguish among multiple embolisms, whole-body examination using contrast-enhanced CT of the lower limbs as well as of the head, thoracoabdominal, and pelvic areas is useful. Contrast-enhanced CT requires 20--30 min for completion and can be performed while preparing the operating room. ALI has poor prognosis for the limbs as well as for survival, and it is recommended to perform a CT whenever possible, even for cases with severity classification IIb. When contrast-enhanced examination cannot be performed, such as in severe renal dysfunction and/or allergy, simple CT alone can provide important information regarding aneurysms and arterial calcification. To identify the cause and evaluate the patient's general health status, electrocardiography, thoracoabdominal radiography, blood count, biochemistry, coagulation system testing (including protein C and S, anticardiolipin antibodies, and antithrombin III, etc for thrombophilia screening), urine analysis, blood gas analysis, and echocardiography are performed. In particular, blood and urinary myoglobin, blood creatine kinase (CK), lactate dehydrogenase (LDH), potassium (K), and lactic acid (on blood gas analysis) levels and the presence or absence of acidosis are important parameters to determine the severity of ischemia and to predict the onset of ischemia--reperfusion injury. However, currently, it is often difficult to clearly distinguish cases with severity classifications IIb and III.

Treatment
=========

Upon the diagnosis of ALI, as long as heparin therapy is not contraindicated, an intravenous injection of unfractionated heparin (50--100 units/kg) is immediately administered to prevent the proximal and distal progression of secondary thrombosis to the site of occlusion, and a systemic administration of thrombolytic agents is not recommended. Subsequently, the severity and treatment plan are determined ([**Fig. 2**](#figure2){ref-type="fig"}). When severity classification III with severe motor paralysis, stiffness, and cyanosis of the skin is already observed, it is considered as irreversible ischemia and limb amputation will be needed. Furthermore, in patients with extensive ischemia due to high occlusion and when time has passed since its onset, there is a high risk of severe ischemia--reperfusion injury; thus, limb amputation might be necessary to prioritize the patient's life.

![Fig. 2 Algorithm for the treatment of acute limb ischemia.](avd-11-4-ra.18-00074-figure02){#figure2}

Treatment methods for ALI include surgical treatment (such as thromboembolectomy and bypass surgery), endovascular treatment (such as catheter-directed thrombolysis \[CDT\], percutaneous thrombus aspiration, and stent placement), and hybrid treatment that combines both therapies. A meta-analysis of five randomized controlled trials^[@R7]--[@R12])^ investigating whether surgical or endovascular treatment (thrombolytic therapy) should be performed as the first line of treatment for ALI was reported in 2013.^[@R13])^ While there was no significant difference between the two groups in terms of limb salvage and mortality rates, the endovascular treatment group showed a significantly higher incidence of severe complications, such as stroke and bleeding, within 30 days of treatment. In recent years, the popularization of hybrid operating rooms has led to hybrid treatment with endovascular surgery being simultaneously performed under intraoperative angiography for residual lesions following surgical thromboembolectomy. Diagnosis by angiography, with the initial and additional treatments simultaneously performed, enables extremely effective revascularization ([**Fig. 2**](#figure2){ref-type="fig"}). However, rather than being overly particular regarding complete revascularization, surgeons should save time and perform adequate and necessary therapeutic procedures to salvage the limb to the best of their ability. In fact, when severity classification IIb is determined, immediate surgical revascularization is indicated to eliminate the ischemia as soon as possible. For severity classifications I and IIa, there is relatively more time to spare; thus, endovascular treatment is also an option as the initial therapy.

Surgical revascularization
--------------------------

Currently, surgical treatment for ALI includes thromboembolectomy using a balloon catheter by arterial cut-down approach, bypass surgery, thromboendarterectomy, patch plasty, and intraoperative thrombolysis. Thromboembolectomy using a Fogarty catheter developed by Thomas Fogarty in 1963^[@R14])^ completely changed the treatment system for ALI and largely improved the associated treatment results. More than 50 years later, this Fogarty thromboembolectomy still remains one of the standard treatments. In recent years, the over-the-wire type Fogarty catheter has become available in Japan, enabling intraoperative selective fluoroscopically assisted thromboembolectomy, which has led to the rapid popularization of hybrid treatments, such as thromboembolectomy combined with subsequent balloon dilatation or stent placement using a guidewire passed through the lesion. In 2014, de Donato et al. retrospectively compared 112 patients who underwent conventional thrombectomy and 210 patients who received hybrid treatment. Although they observed no significant difference between the two groups in terms of early complications and long-term survival, the hybrid treatment group was superior in terms of primary/secondary patency, limb salvage, and repeat treatment avoidance rates; thus, hybrid treatment was strongly recommended.^[@R15])^ Surgical thromboembolectomy can be performed under local anesthesia. However, patients with ALI can be in a poor general condition, and management by an anesthesiologist is recommended. When sufficient peripheral blood flow cannot be obtained despite thromboembolectomy, additional endovascular treatments are performed (hybrid treatment); when hybrid treatment is difficult, a suitable treatment, such as bypass surgery and patch plasty of the anastomotic site (in cases of bypass graft occlusion), should be rapidly administered to salvage the limb.

Catheter-directed thrombolysis (CDT)
------------------------------------

Target lesions of ALI for which CDT is indicated often affect the femoral artery and arteries distal to the femoropopliteal arteries. In general, a 6-F sheath is anterogradely placed in the common femoral artery of the affected side. After inserting a guidewire to the level of the ankle, a 4-F multihole catheter is positioned in the thrombus. While verifying on angiography, 240,000--480,000 units of urokinase are directly delivered within the thrombus (health insurance covers up to 240,000 units per day in Japan), after which a catheter is placed and CDT is performed over several days. CDT requires more time than does surgical treatment. Therefore, CDT should be considered when there is time, such as in severity classifications I and IIa.^[@R1])^ In contrast, reperfusion after CDT is slower than with surgical thromboembolectomy and can, therefore, reduce the risk of ischemia--reperfusion injury.^[@R1])^ Furthermore, in the United States, tissue plasminogen activator (t-PA) is generally used as a thrombolytic agent,^[@R3])^ whereas in Japan, its use for the present condition is not covered by health insurance.

Percutaneous thrombus aspiration
--------------------------------

The inner diameter of the catheter or sheath used is often much smaller than that of the thrombus being removed, and percutaneous thrombus aspiration is rarely indicated in the iliac artery area containing several thrombi. The concurrent use of CDT is recommended and is expected to shorten the duration of ischemia more compared with that by CDT alone.

Thrombosed popliteal aneurysm
-----------------------------

Moreover, 3.5% of ALI cases are caused by thrombosed popliteal artery aneurysms^[@R16])^ and approximately half of the popliteal artery aneurysms present with ALI^[@R17])^; therefore, thrombosed popliteal aneurysm should always be considered in ALI. Despite revascularization, 8%--18% of patients require limb amputation^[@R18],[@R19])^; thus, it has poor prognosis of the limbs, thereby requiring a rapid diagnosis and an appropriate treatment selection. When endovascular treatment is selected without noticing the presence of a popliteal artery aneurysm, there is a risk of the exacerbation of thromboembolism due to the guidewire or catheter manipulations. Several patients have poor distal run-off due to diffuse thromboembolism. In such case, after the run-off is achieved by thrombolysis or thromboembolectomy, bypass surgery is performed ([**Fig. 3**](#figure3){ref-type="fig"}).

![Fig. 3 Acute limb ischemia due to popliteal artery aneurysm occurred in a 91-year-old male patient who presented with acute onset of sever left lower extremity pain. Computed tomography (CT) shows complete thrombotic occlusion of the left popliteal aneurysm with distal embolization (**a**: volume rendering, **b**: axial view). **c**: Three-dimensional reconstruction of a CT angiogram. Urgent sequential vein bypass grafting (femoro- tibioperoneal trunk and posterior tibial artery) was performed.](avd-11-4-ra.18-00074-figure03){#figure3}

Myonephropathic metabolic syndrome (MNMS)
-----------------------------------------

Prolonged ischemia can cause muscle cell liquefactive necrosis and K^+^ ion, myoglobin, creatine kinase, lactic acid, and superoxide^[@R20])^ accumulation in the affected limb. These metabolites perfuse throughout the body upon revascularization and cause hyperkalemia, arrhythmia, pulmonary edema, metabolic acidosis, and myoglobinuria, and in severe cases, it can cause sudden death from heart and renal failure. The so-called ischemia--reperfusion injury is a severe complication that determines prognosis after the revascularization of ALI. Haimovici put forward this disease concept as MNMS,^[@R21])^ and the concept is widely used in Japan. Although there are still no established prevention and treatment methods, treatment is generally performed using various blood purification methods. When the patient's general condition does not improve despite such treatment, the affected limb requires amputation. MNMS can be prevented by ensuring the urine volume by forced diuresis and intraoperative and subsequent blood purification. In patients at borderline between primary limb amputation and revascularization, strict systemic management and MNMS-preventive measures are indispensable.

Compartment syndrome
--------------------

In compartment syndrome, increased capillary permeability at the time of ischemic reperfusion causes localized edema and increased intramuscular compartment (compartmental) pressure, which leads to circulatory disturbance and neuromuscular dysfunction. The lower limbs comprise four muscular compartments, and when the pressure within each compartment exceeds 30 mmHg, irreversible nerve and muscle necrosis occurs, and in some instances, lower limb amputation is necessary even if revascularization is successful.^[@R22])^ If leg swelling is observed after revascularization, the pressure within each compartment is measured (via needle insertion), and if the pressure exceeds 30 mmHg, then relaxation incision (fasciotomy) should be positively considered ([**Fig. 4**](#figure4){ref-type="fig"}).

![Fig. 4 Lateral fasciotomy of right lower leg was performed in an 86-year-old male who developed compartment syndrome after the arterial reconstruction for acute limb ischemia.](avd-11-4-ra.18-00074-figure04){#figure4}

Postoperative Management
========================

Anticoagulant therapy with heparin is continued in the early postoperative period. In the event of thrombosis and cardiogenic embolism associated with the thrombophilic conditions and localized lesions, long-term anticoagulant therapy with warfarin or direct oral anticoagulant treatment is needed. In patients with bypass graft occlusion in whom patency is successfully achieved by emergency thrombolytic therapy, anticoagulant therapy is intensified if anastomotic stenosis persists, after which a subsequent revascularization, such as patch plasty of the anastomotic site and re-bypass surgery, is considered.

Conclusion
==========

In the treatment of ALI, prognoses of the limbs and survival vary according to the accuracy of evaluation and rapid therapeutic interventions, including revascularization and limb amputation. In determining the treatment strategy by taking into account the precise preoperative diagnosis and additional treatments, preoperative CT examination and intraoperative angiography are extremely useful. The greatest benefit of surgical treatment is, by far, the early elimination of the ischemia. In the treatment of ALI, vascular surgeons should be well experienced in all treatment methods, including surgical and endovascular treatments (as initial and additional treatments), fasciotomy, and primary limb amputation. However, there are fewer vascular surgeons in Japan than in the Western countries and thus fewer institutions where patients can certainly be treated by a vascular surgeon. Therefore, currently, endovascular treatment by a cardiologist or a radiologist is inevitable even in patients in whom surgical treatment is indicated, which should be addressed in the future.
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